Introduction
The atomic force microscope (AFM), one of the most popular types of scanning probe microscopy, was invented by Binnig et al 1 in 1986 . After that, its quick development resulted in the commercial AFM available at 1989 to the biological and chemical researchers. Two decades after its invention, now it has become a standard measurement technique in multiple branches of science and technology. The AFM's advantage over other techniques stems from its ability to work in different environment. It can work in vacuum, liquid, or ambient, and in addition its high resolution and sensitivity to measure spatial sizes and forces, respectively. The technique thus not only provides sharp images of nonconductive surfaces at a resolution of nanometer scale, but also enables the measurements of intra-or inter-molecular forces at a resolution of pico-newton scale. These properties make AFM ideal for biological samples, especially for DNA molecules.
The schematic in Figure 1A illustrates the basic principles of the AFM operation. A sharp tip reads the profile of the sample by scanning the surface. The tip is attached to a cantilever that works as a spring pressing the tip against the sample. The vertical position of the tip is measured by a laser reflected from the cantilever to the position of sensitive photo detector (PSPD). Three important features of the AFM instrument are listed below. First, the position of the sample relative to the tip is controlled by the scanner and it can be done with accuracy better than 1 nm. Second, the tip may be made tremendously sharp or customized for the desired measurement. Third, the vertical displacement of the tip relative to the surface is determined with sub-nanometer precision. These three major features allow AFM to provide the topographic image with nanometer resolution. Figure 1B illustrates the major operation modes of the AFM. The manner of the microscope operation corresponding to the attraction part of the tip-sample interaction potential is noncontact mode (NC-AFM) 3 . A breakthrough in the high-resolution AFM imaging was made with implementation of the NC-AFM mode, offering a unique tool for real space atomicscale studies of surfaces and nanoparticles. The probe of NC mode does not contact the sample surface, but oscillates above the adsorbed fluid layer on the surface during scanning. Using a feedback loop to monitor changes in the amplitude due to attractive forces the surface topography can be measured. After tip-surface attraction force passes the minimum www.intechopen.com on the potential curve, the repulsion interaction increases very fast, achieving large positive values in the very short range of the tip-sample distances. This scanning way is called contact mode. Since the interaction of the tip and the surface is so strong, the deformation of a soft sample typically occurs, and as the results of it, the soft sample may be damaged or moved by the sharp tip. Schematically, this deformation is occurred in the top right cartoon by displacement of the red spheres 3 . For hard samples at small tip-surface separation, the pressure created by the tip at the apex is so large that atoms can jump from tip to surface and vice versa. Therefore, contact mode of the AFM operation does not obtain reliable and stable images at atomic resolution for both soft and hard sample. In addition, damage or movement of soft biological samples can be made to the tip during approach or scanning process. Tapping modes with small pressure can obtain reliable and stable images at atomic resolution for any samples. The imaging of tapping Mode is alike to contact mode. However, in this mode the cantilever is oscillated at its resonant frequency. The probe lightly "taps" on the sample surface during scanning, contacting the surface at the bottom of its swing. By maintaining constant oscillation amplitude, a constant tip-sample interaction is maintained and an image of the surface is obtained. Tapping mode allows high resolution of samples that are easily damaged or loosely held to a surface, especially good for biological samples. As a summary, non-contact and tapping modes are two optional modes for DNA imaging.
Since the AFM physically interacts with the sample, the AFM can work as a force spectroscopy by stretching a single molecule between the tip and sample surface. If the spring constant of the cantilever is obtained, the AFM is an excellent force spectroscopy for probing the mechanical properties of individual molecules because it can measure their length and tension with nanometer (nM) and piconewton (pN) resolution, respectively. The working principle of an AFM force spectroscopy is shown in Figure 2 . A laser is reflected www.intechopen.com off the back of the cantilever onto the center of the PSPD. The sample is fixed on the piezoelectric positioner and the molecules on the sample can attach to the tip by moving up the sample to physical contact it. The molecules are normally connected on the substrate or tip by nonspecific adsorption or designed chemical bond. In this way, the molecules form bridges between the substrate and the tip (Figure 2A ). These molecules can be stretched and relaxed in a controlled manner by moving the substrate away and back from the tip. The stretched molecule exerts a mechanical force on the cantilever, thereby deflecting it. Because the force applied is much smaller than the chemical bond between the molecule and substrate or tip, the molecule will not detached from the substrate or tip during repeated stretching. This deflection is measured by the photodiode as a change in the voltage generated by the movement of the incident laser beam off of the photodiode center. The experimental result is a force-distance curve (force spectrogram) that reflects the elasticity of a single molecule, which for example was shown in Figure 2B .
In the last decade, AFM has proven to be one of most valuable techniques for the studies of DNA and the researches were mostly focused on the biological structure and dynamic processes of DNA [5] [6] [7] [8] [9] [10] . However, AFM is normally used to gain qualitative results at a single-molecular level. By analyzing the topological structure of each DNA molecule from AFM images, the distributions of DNA with different configurations can be identified directly and easily. Due to this advantage, AFM imaging can also be ideal tool for quantifying DNA structure under a wide range of DNA amounts, concentrations and sizes that may not able to be handled by other methods. It has been demonstrated that AFM is capable of quantifying DNA plasmids with the amount less than 1 pico gram and the size up to 100 kilo base pairs. However, the application of AFM techniques in quantitative research is limited because of the lack of comparative studies with other traditional and well-established methods, such as gel electrophoresis. After we compared the results obtained by AFM with that obtained by gel electrophoresis [11] [12] [13] [14] , AFM was proven to be an accurate method in the identification and quantification of the DNA with different www.intechopen.com topological structures. Therefore, the purpose of this chapter is to present this singlemolecule AFM imaging and force spectroscopy techniques that we developed for sensitive and quantitative analysis of DNA structure. We believe that this chapter will help to expand the application of AFM techniques in DNA research.
Materials and methods

Materials
pUC18, 2686 base pairs (bp), was isolated from E. coli and purified using the QIAFILTER plasmid maxi kit (QIAGEN Inc). pNEBR-R1 was purchased from New England Biolabs (Beverly, MA). Single-stranded poly(dA) was purchased from Sigma-Aldrich, Inc. (St. Louis, MO).
Sample preparation
For experiments in which the imaging buffer contains Mg 2+ , freshly cleaved mica was used as DNA substrate directly. For experiments in which the imaging buffer did not have Mg 2+ , 1-(3-Aminopropyl)-silatrane functionalyzed mica (APS-mica) was used for the binding of DNA molecules. APS-mica was prepared as described by Shlyakhtenko et al 15 . A drop of 10-50 µl of DNA solution (0.5-1 g/ml) was deposited on the APS-mica surface at room temperature for 3 min. The sample was rinsed and air-dried before imaging. For AFM force spectroscopy, 80 l of DNA solution (~60 ng/ l) in Tris-EDTA buffer (10 mM Tris+HCl, 1 mM EDTA, pH 8; Sigma-Aldrich, Inc), supplemented with 150 mM NaCl, was deposited onto a freshly evaporated gold surface. After the sample was incubated for 2-3 hours, it was gently rinsed 3-5 times with the buffer solution before test.
AFM imaging
AFM topographic images were taken using a Nanoscope IIIa MultiMode Scanning Probe Microscope (Veeco Instruments Inc) using Tapping mode with an E scanner. RTESP probes (Veeco) were used for imaging in air. The spring constant of AFM cantilevers was 20-80 N/m and their resonance frequency was 275-316 kHz. NP-S probes (Cantilever C) were used for imaging in solution. The spring constant of the cantilever was 0.32-0.64 N/m and their resonance frequency was 56-75 kHz. All of the images were collected at a scan rate of 2-3 Hz, a scan resolution of 512×512 pixels, and scan sizes of 1-5 m.
Quantifying DNA structures from AFM images
The number of DNA with different configurations i.e. the damage, was quantified by a Poisson distribution f(n; )= n ×exp(-)/n! 16, 17 , based on percentages of supercoiled and relaxed DNA. The average number of damage per molecule, , can be obtained from =-ln[f( ; 0)], where f( ; 0) is the fraction of supercoiled (damage n=0) plasmids.
AFM force spectroscopy
For force spectroscopy measurements, we used nonspecific adsorption of DNA to fresh gold substrates 18 and untreated silicon nitride AFM probes (MLCT from Veeco). The cantilevers had a nominal spring constant of 10 mN/m and an actual spring constant between 10-20 mN/m, as determined by using the energy equipartition theorem 19 . 80 l of ssDNA solution (~60 ng/ l) in Tris-EDTA buffer (10 mM Tris+HCl, 1 mM EDTA, pH 8; SigmaAldrich, Inc), supplemented with 150 mM NaCl, was deposited onto a freshly evaporated gold surface. After the sample was incubated for 2-3 hours, it was gently rinsed 3-5 times with the buffer solution.
Results and discussion
Analyzing DNA structure quantitatively at a single-molecule level by AFM
Plasmid DNA is broadly used as a model in DNA research because it has three different conformations: supercoiled forms, relaxed forms, and linear forms depending on structural modification such as single strand breaks (SSB) or double strand breaks (DSB) 11, 20, 21 . It is because intact plasmid DNA will relax to open circular form even though one SSB is introduced. Likewise, the ring-shaped plasmid will open and change to linear form if one double strand break takes place and more DSBs will fragment the plasmid to linear segments of shorter lengths. All these topological/lengths transformation of DNA are easy to resolve and quantify by gel electrophoresis [22] [23] [24] and AFM 7, 8, [25] [26] [27] [28] [29] . However, it is very important to know that some structural changes may occur in intact supercoiled DNA upon the binding of plasmids to the mica surface. This problem has been solved by Shlyakhtenko et al. who used APS-mica 15, 30 instead of fresh-cleaved mica. The results revealed that the conformation of supercoiled DNA remains practically unchanged when DNA binds from high salt buffer solutions to the APS-mica. Unlike untreated mica, which is negatively charged and therefore demands a high concentration of divalent cations and a relatively low concentration of monovalent cations for a deposition of DNA, APS mica is positively charged and supercoiled DNA becomes immobilized quite effectively in the presence of high monovalent salts, and as a result, the topology of the DNA will not be affected.
A typical AFM image, shown in Figure 3A , presents the plectonemic supercoiled configuration of pUC18 molecules after they had been deposited on the APS-mica. Following methods developed earlier for electron microscopy and AFM imaging of supercoiled plasmids 20, 26, 31 , the number of nodes, generated at visible crossover points (figure 3A), was counted within single DNA molecules, and the distribution of the number of nodes was shown in Figure 3B . For a given plasmid size, the number of supercoiled nodes typically follows Gaussian distribution and also shifts according to the type and the concentration of cation and deposition conditions 32 . In the case of pUC18, the same buffer with 100 mM NaCl was employed in all experiments, so this error can be eliminated. For intact pUC18, the average number of nodes is eight, and this is consistent with the previously reported value for a supercoiled DNA composed of 2686 base pairs 20, 21, 26, 33 . 5% of the plasmids show fewer than six nodes, which might imply that these plasmids represent a background of damaged DNA in our sample after extraction and purification using the QiaFilter plasmid maxi kit. Further experiments, using T4 Endonuclease V to nick pUC18 plasmids which were exposed to UV radiation, support our criterion of five nodes as the borderline between damaged and undamaged DNA. In the following discussion, we suppose that pUC18 molecules with a number of nodes greater than five are intact, while t h e n u m b e r o f n o d e s e q u a l t o o r l e s s t h a n f i v e w i l l b e i n d i c a t i v e o f s o m e s t r u c t u r a l alterations within supercoiled DNA. Based on this assumption, our pUC18 DNA samples have 95% of intact supercoiled DNA. Figure 4 shows the AFM images of pUC18 molecules exposed to UVB (302 nm) radiation.
From Figure 4A and D, we discover that at a dose of 1.4 kJ/m 2 , the configuration of DNA molecules did not change obviously as compared to the intact molecules shown in Figure  3A and B, with 95% of the plasmids having more than five supercoiled nodes. 5% of the plasmids have five or fewer nodes, which represent a background damage of our pUC18 DNA. In Figure 4B and C, pUC18 molecules were exposed to 165 kJ/m 2 and 660 kJ/m 2 of UVB radiation, respectively. Among molecules subjected to 165 kJ/m 2 , 78%± 1% are relaxed circular plasmids and 16% are linear fragments ( Figure 4B and E). At 660 kJ/m 2 of UVB radiation, this fraction, including fragments with an obviously reduced length, increased to 91% ( Figure 4C and F). Therefore, our results suggest that UVB can cause significant degradation of DNA. The results of the three tests are graphically summarized in Figure 4 G.
One SSB is enough to relax a whole supercoiled plasmid, and the increasing size of the plasmid also increase our measurement sensitivity. To check this assumption, a bigger plasmid named pNEBR-R1 supercoiled DNA (10,338 bp) was irradiated with 29 J/m 2 of UVB and treated with T4 Endonuclease V. Figure 5 display a representative AFM image of these plasmids. 55% of pNEBR-R1 plasmids are in the relaxed circular form and 14% are in the linear form counted from similar images. In control experiments on pUC18 molecules, the percentages of supercoiled, relaxed circular and the linear form of DNA are 65%, 34% and 2%, respectively. From the percentage of supercoiled molecules, we evaluate that pNEBR-R1 plasmids contained 1.12 CPD/plasmid ( =1.12), while for pUC18, the average number of CPD lesions per DNA plasmids is 0.4 ( =0.4). So, increasing the size of the supercoiled plasmid by 3.8 fold (10338/2686) lead to a 2.8 fold (1.12/0.4) increase in damage detection sensitivity, which is consistent with our predictions. Agarose gel electrophoresis is an extremely powerful, versatile, easy to use, sensitive, and quite rapid technique for quantitative DNA research, and contributed enormously to the progress of DNA damage and repair research. The three unique features of AFM that make it particularly suitable for quantitative DNA studies are a), the ability to examine individual DNA molecules and DNA protein complexes, b) molecules can be investigated under nearly in vivo conditions, and c), extremely small amounts of DNA and protein material are needed for the observation. To demonstrate this last point, 0.1 ml of a pUC18 plasmid solution containing the total amount of 1 pg of DNA (10 pg/ml) was coated over the mica surface and imaged at a scan size (5×5 m 2 ). The AFM image, shown in Figure 6 , captured four individual DNA molecules whose configuration was evaluated by scanning locally at a higher resolution. Thus, the amount of DNA need for this measurement is ~400 times less www.intechopen.com Fig. 6 . An AFM image of intact pUC18 plasmids obtained from a sample that contained a total amount of 1 pg of DNA material. Scan size is 5×5 m 2 . The inset images obtained at a higher resolution show in detail the supercoiled structure of these plasmids. The scale bar for these inset images is 100 nm. The sample was prepared by spreading 0.1 ml of a 10 pg/ml solution of pUC18 on the APS-mica surface and incubating for 3 min. This assay requires extremely small amounts of DNA to evaluate damage. (Adapted and modified from reference 11 , with permission)
than what is needed for the most sensitive gel electrophoresis assays presently 34 , which amounts to ~1/5 of the DNA in a single cell. In some studies, it may be very useful to combine the advantages of gel electrophoresis with AFM imaging. Gel electrophoresis would separate the DNA into discrete bands, and the DNA extracted from a particular band would provide enough material for further examination by high resolution AFM imaging. It has been demonstrated that AFM is capable of quantifying DNA plasmids smaller than 100 kilo base pairs and total mass smaller than 1 pico-gram.
AFM method for DNA quantification is consistent with gel electrophoresis
Before comparing the accuracy of AFM imaging with gel electrophoresis, we need to calibrate both methods by working on a mixture with known composition. A mixture of supercoiled and linear pUC18 with a ratio of 1:1 was used as the reference sample, and was deposited on APS-mica for AFM imaging. From the image in Figure 7A , we can identify both supercoiled and linear forms clearly. Intact plasmid (labeled by letter "S") has a supercoiled configuration, while linear DNA (labeled by letter "L") has two clear ends. By counting the numbers of DNA in different structures in this image and different images on the same sample, the actual ratio of supercoiled and linear DNA on the mica surface was acquired. The result is summarized in Table 1 . Supercoiled and linear DNA percentages were 50.1% and 48.1%, respectively, a ratio of linear/supercoiled DNA of 0.96 (the true value is 1 here). This means that the error is quite small, with no necessary calibration. It also means that the topological structures cannot be affected by DNA binding to mica during the sample preparation and AFM scanning process by sharp tips.
The ratio of different conformations (supercoiled, relaxed or linear forms) can be inferred to the numbers of SSB and DSB, which represent the level of DNA damage 15, 17 . However, these three forms have the same sequence (molecular weight), so it is difficult to separate them by normal methods. Gel electrophoresis is one of the well-established methods to separate them since different topological structures have different radii of gyration and electrophoretic nobilities. DNA mobility of supercoiled DNA is much greater than that of its relaxed circular form. Therefore, it is significant to compare our results obtain by AFM imaging with the results obtained by gel electrophoresis assay.
We made the gel electrophoresis assay on the same DNA sample as used for AFM imaging. The relative amounts of DNA in various bands were quantified by measuring the intensities of each band in the gel photo. The gel is shown in Figure 7B and the results are summarized in Table 1 , indicate a nonlinear relationship between the relative amounts and the band intensities of DNA in supercoiled forms versus linear forms. Supercoiled DNA is less fluorescent compared with circular and linear forms 20, 30 . Therefore, quantification of supercoiled DNA by band intensity is much more complicated, compared to that of relaxed forms or linear forms.
In order to further test whether AFM imaging is an accurate method for DNA quantification with various topological configurations, the same DNA sample extracted from an agarose gel was used for AFM imaging. A mixture of supercoiled and relaxed pUC18 plasmids was chosen as model DNA. After the mixture was loaded on a gel electrophoresis, two bands which contain supercoiled DNA and relaxed DNA were separated as shown in Figure 8A . The DNA molecules in the supercoiled and relaxed DNA gel bands were extracted and purified back into solution separately for further AFM imaging. Figure 8B and C show the AFM images of these DNA obtained from supercoiled and relaxed DNA bands, respectively. Comparing Figure 8B with C, the conformations of DNA molecules are quite different. The DNA molecules obtained from the supercoiled band have significantly much more nodes (the number of visible crossover points in AFM images) than those from the relaxed band. Supercoiled and relaxed DNAs have obviously different node distributions as observed from this quantitative study as shown in Figure 8D and E. The plasmid molecules in the supercoiled band have about 6-11 nodes, while those in the relaxed band only have about 0-5 nodes 11 . These nodes count histograms were fitted with Gaussian distributions and 8.0±1.3 nodes (mean±standard deviation) was got for supercoiled DNA and 2.2±1.2 nodes for DNA in the relaxed band. According to these Gaussian distributions 11, 13 , the previous criterion 11 that we used to identify supercoiled and relaxed DNA is correct. The DNA molecules with more than 5 nodes can be considered as supercoiled, and those with 5 or less than 5 nodes are relaxed 11 .
Moreover, according to this criterion, the distribution of percentages of various conformations of pUC18 plasmids was measured, and the results were shown as insets in Figure 8D and E. However, we found some deviations between AFM imaging and gel electrophoresis results. Only 77.1% of DNA extracted from the supercoiled band in the gel was actually supercoiled plasmids as shown in Figure 8B and D. Some relaxed molecules (16.5%) and even linear (6.4%) molecules were observed among the DNA extracted from the supercoiled band. These deviations may be caused by supercoiled DNA being damaged by the subsequent extraction processes and purification processes, and as a result degenerating into relaxed forms or linear forms. More significantly, from the AFM imaging results shown in Figure 8C and E, we can confirm small amounts (3.5%) of supercoiled molecules in our AFM images of the DNA extracted from the relaxed band. The number most likely represents the actual amount of supercoiled DNA in the relaxed band, since relaxed DNA cannot turn into supercoiled form automatically. The finding is direct evidence that gel electrophoresis may not be able to separate DNA entirely. Some supercoiled molecules will move to the "wrong" relaxed band, possibly due to molecular entanglement.
AFM can investigate the forces of the dynamic process of DNA
Besides AFM imaging, AFM force spectroscopy can also be used to analyze DNA quantitatively because it measures the relationship between molecular length and force, and has been used to examine the nanomechanics and mechanochemistry of DNA [36] [37] [38] . The technique has also proved unique in its ability to capture information about dynamic processes such as antigen-antibody complexes 39 . It can measure the length and tension of a single molecule with sub-nanometer (nM) and pico-newton (pN) resolution, respectively. A single DNA molecule was picked up by the AFM tip and stretched vertically in solution to determine it force-extension relationship 4 .
Measurements of the force of DNA were carried out in solution, at room temperature, on an AFM instrument designed and equipped specifically for force spectroscopy measurements 40, 41 , as shown in Figure 9A . This instrument was built with a high accuracy piezoelectric XYZ stage equipped with three capacitive sensors, which offer an open-loop resolution of 0.1 nm in the Z axis and 1 nm in the X and Y axes. This instrument was also equipped with a commercial AFM head (Veeco Instruments Inc.). Untreated silicon nitride AFM cantilevers were used for picking up molecules and pulling measurements. The spring constant of each cantilever was measured in solution 19 . This measurement depended on attaching ssDNA molecules to the gold substrate and AFM tip by nonspecific adsorption, and this method has proved to be a simple, but effective method in previous DNA force spectroscopy studies 18, 42 . For this methodology, the AFM tip picks up ssDNA fragments at random positions.
The force spectrograms, shown in Figure 9B , reveal two pronounced plateau features. The first plateau occurs at a force of 23 pN and overstretches the polynucleotide by about 80%. This lowforce plateau is very similar to the plateau theoretically predicted by Buhot and Halperin 43 based on their model of base-stacking interactions in poly(dA). The plateau likely represents the unwinding of the poly(dA) helix, and its force directly indicates the strength of base-stacking interactions among the adenines. The second plateau occurs at a force of about 113 pN and overstretches poly(dA) by an additional ~16%. We speculate that during this phase of base-unstacking, poly(dA) is still in the helical form, although this helix must be extended, and the high-force plateau represents the reorientation of bases, which is accompanied by the flip of the backbone bonds to new torsional states that increase the distance between the consecutive phosphates in a semidiscontinuous fashion. The reorientation of bases may, at higher forces, be also accompanied by a forced conformational transition in the deoxyribofuranose rings from their C3' endo pucke r ( 5 . 9 A° s p a c i n g between the neighboring phosphates) to a C2' endo pucker (7A° spacing between the neighboring phosphates) 44, 45 . Such a transition would produce an additional extension of the backbone chain up to 19%, which coincides with the width of the second plateau.
To research DNA methylation patterns, methylated single-stranded DNA molecules were linked to a glass substrate. An antibody was attached to the AFM tip that is specific towards 5-methylcytosine which has two free antigen-binding fragment arms (Figure 10a ). Bringing the functionalized tip into contact with the DNA, two complexes formed between the two arms of the antibody and two 5-methylcytosines on the DNA.
Two characteristic force peaks was recorded by stretching the DNA-antibody complex, which they related to consecutive rupture events between the antibody arms and methylcytosines (Figure 10a ) 46 . Since contacts between both the arms and various methylcytosines form randomly, the antibody arms may contact all possible pairs of methylated bases. The methylation patterns could then be obtained by analyzing the separations between force peaks. The first DNA oligomer examined by the group contained five equally spaced methylcytosines with three unmodified bases between neighbouring methylcytosines. It implies that there are four possible pairs in which the methylcytosines are separated by four nucleotide lengths: 3 pairs separated by 8 nucleotide lengths; 2 pairs that are separated by 12 nucleotide lengths and 1 pair separated by 16 nucleotide lengths (inset to Figure 10b ). Hundreds of force spectroscopy measurements on this DNA sample Fig. 10 . A force-spectroscopy assay for detecting DNA methylation patterns. (A) Singlestranded DNA (ssDNA, blue lines) carrying methylated cytosines (red boxes; the chemical structure is shown in the inset) are coupled to a glass surface. The antibody (green) against 5-methylcytosine is tethered to the AFM cantilever tip, and the two arms bind to methylcytosines that are separated by a certain number of nucleotides (12 in this case). Panels 1-4 correspond to different stages during stretching of the antibody-DNA complex. These bonds break sequentially at stages 2 and 3, producing two characteristic force peaks in the force-extension curve (lower panel) that are separated by a distance equal to the spacing between two 5-methylcytidines in DNA. (B) Repeating this measurement numerous times produces a probability distribution of the distances between force peaks (red) that can be used to determine the methylation pattern. This distribution can be fitted by the sum of four Gaussian distributions (blue) of varying height that correspond to the different possible pairs of methylcytosines. (Adapted and modified from reference 46 with permission) produced a relatively complex distribution of the spacing between two rupture events ( Figure 10b) . Notably, when the distribution was suitable for numerous Gaussian functions, four maxima at 4, 8, 12, and 16 nucleotides were identified. Furthermore, as expected, the relative amplitudes of these maxima were 4:3:2:1.
AFM can subject molecules to very high loads compared to other force measurement methods, such as optical or magnetic tweezers. The piezoelectric stages in AFMs can apply newtons of force, and the stiff cantilevers can detect large forces on the order of nanonewtons. Also, cantilevers and substrates can be functionalized with all types of chemistry, and that functionalization allows covalent bonds to form between the sample and the cantilever. On the contrary, optical and magnetic tweezers are limited by trap and magnetic field strength, respectively. The properties that make AFM so well suited for high force measurements are also what limit its function in the low force regime. The stiff cantilevers that can detect forces in the nanonewtons also exhibit much higher force noise, compared to the soft optical traps. 
Summary
AFM, which is normally used to gain qualitative results, can also be employed for quantitative research at a single-molecular level. By analyzing the numbers of DNA molecules with different topological configurations from AFM images, the distributions of DNA with different configurations can be identified directly. Based on this advantage, AFM imaging is ideal for quantifying DNA structure under a wide range of DNA amounts, concentrations and sizes that may not able to be handled by other methods. Atomic force microscopy is proven to be an accurate method in the identification and quantification of the plasmid with different topological structures, since these measurements are based on singlemolecular observations. Thus, atomic force microscopy is a viable alternative to gel electrophoresis in the study of different DNA structures. The AFM force spectroscopy assay shows that AFM is also a very useful tool to analyze quantitatively the mechanical properties of individual DNA molecule. The structure of DNA, DNA-protein interaction and the dynamic processes that related to the mechanical properties can be measured accurately just by stretch single DNA between the substrate and the AFM tip.
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